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Prosthetic Foot with Cam 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

The present invention relates generally to prosthetic feet. More particularly, the present 
invention relates to a prosthetic foot with a plurality of cantilever-springs inter-coupled to have a 
non-linear force versus deflection relationship and to store more energy together than alone. 

10 Related Art 

Many individuals have lost a limb for various reasons such as war, accident, or disease. 
In most instances these individuals are not only able to live relatively normal lives, but are able 
to lead physically active lives as well. Oftentimes, these individuals are aided in their everyday 
lives by a prosthetic limb. Prosthetic limbs, or prosthesis, generally provide an artificial limb 

1 5 that simulates the function and natural feel of the lost limb. 

With respect to prosthetic feet, the development of functional and natural artificial feet 
has been pursued for some time. Many designs have attempted to copy the anatomy of the foot, 
or simulate its natural action, by replacing the bones and muscle with various mechanical 
components. Other designs have departed radically from mere anatomical copying or 

20 mechanical simulation of a natural foot by replacing the entire foot with an energy storage 

element, such as a spring. In this type of design, as the user steps onto the foot, the user's weight 
compresses the spring. As the user moves forward, the user's weight comes off the foot and the 
energy stored in the spring is used to propel the user forward. 

In addition to the basic use of a spring in a prosthetic foot, it has been attempted to alter 

25 the performance of these energy storing feet in a variety of ways: such as by using multiple 

springs in various configurations; using bladders or materials disposed between various elements 
of the foot; and using multiple springs that deflect at different intervals of foot deflection to add 
resistance. 

While each of these variations has added some benefit to the field of energy storing 
30 prosthetic feet, they have often met with limitations introduced by the general nature of springs. 
This is due to the fact that the force stored by springs is often linearly proportional to the distance 
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over which the spring has been stretched or compressed. That is, a unit of displacement of the 
spring generally results in a substantially constant multiple of the unit of displacement being 
stored in the spring. Thus, typical prosthetic feet utilizing springs have been limited to storage of 
energy in the spring in an amount that corresponds to a constant multiple of the distance over 
5 which the spring was compressed or stretched. This has resulted in ,a limited amount of energy 
being storable in the spring and does not effectively leverage the energy expended by a user of 
the prosthetic foot. 

SUMMARY OF THE INVENTION 

10 It has been recognized that it would be advantageous to develop a prosthetic foot that 

enables energy storage within, and release from, the foot in a nonlinear, maximized manner. 

The invention provides a prosthetic foot device, including an elongated continuous 
cantilever-spring, extending from an attachment section coupleable to a stump of an amputee to a 
toe section at a toe location of a natural foot. The cantilever-spring can be elastically deformable 

15 under a load to store energy as the amputee steps onto the cantilever-spring and to release energy 
as the amputee steps off of the cantilever-spring. A cam can be pivotally coupled to the 
cantilever-spring at a pivot. A resistance arm can be coupleable to the stump of the amputee, and 
can extend to a displaceable section engaging the cam. A lever arm can be attached to the 
cantilever-spring and can engage the cam. The cam can operatively inter-couple the cantilever- 

20 spring and the resistance arm to elastically deform the resistance arm along with the cantilever- 
spring to collectively store more energy than the cantilever-spring alone. 

In addition, the invention provides a prosthetic foot device, including a plurality of 
cantilever-springs being capable of elastic deformation under a load to store and release energy. 
A cam can be pivotal with respect to the cantilever-springs, the cam operatively inter-coupling 

25 the cantilever-springs such that the cantilever-springs store more energy together than alone. 
One of the cantilever-springs can have an attachment section coupleable to a stump of an 
amputee and can define a unitary foot member extending continuously from the attachment 
section to a toe section at a toe location of a natural foot. 

Furthermore, the invention provides a prosthetic foot device, including a plurality of 

30 cantilever-springs, each having an attachment section coupleable to a stump of an amputee. The 
cantilever-springs can be capable of elastic deformation under a load to store and release energy. 
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One of the cantilever-springs can define a unitary foot member extending continuously from the 
attachment section to a toe section at a toe location of a natural foot. Means for variably inter- 
coupling the cantilever-springs can be provided so that one of the cantilever-springs applies a 
varying resistance force to the foot member that varies as the foot member deflects. 
5 Additional features and advantages of the invention will be apparent from the detailed 

description which follows, taken in conjunction with the accompanying drawings, which 
together illustrate, by way of example, features of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 FIG. la is a perspective view of a prosthetic foot in accordance with an embodiment of 

the present invention; 

FIG. lb is a side view of the prosthetic foot of FIG. la; 

FIG lc is schematic view of a graph of force vs. deflection of the prosthetic foot of FIG 

la; 

15 FIG. 2a is perspective view of a cam of the prosthetic foot of FIG. la; 

FIG. 2b is a partial side view of a cantilever-spring and cam of the prosthetic foot of FIG. 

la; 

FIG. 2c is a partial side view of another embodiment of a cantilever-spring and cam in 
accordance with an embodiment of the present invention; 
20 FIGs. 3a, 4a and 5a are side views of the prosthetic foot of FIG. la shown in varying 

degrees of deflection; 

FIGs. 3b, 4b and 5b are partial side schematic views of the prosthetic foot of FIG. la 
shown in varying degrees of deflection; 

FIGs. 6a, 6b and 6c are partial side schematic views of another prosthetic foot in 
25 accordance with another embodiment of the present invention, shown in varying degrees of 
deflection; 

FIG. 7 is a side view of another prosthetic foot in accordance with the present invention; 
FIG. 8 is a side view of another prosthetic foot in accordance with the present invention; 
FIG. 9 is a side view of another prosthetic foot in accordance with the present invention; 
30 FIG. 10 is a side view of another prosthetic foot in accordance with the present invention; 

FIG. 1 1 is a side view of another prosthetic foot in accordance with the present invention; 



FIG. 12 is a side view of another prosthetic foot in accordance with the present invention; 
FIG. 13a is a perspective view of another prosthetic foot in accordance with an 
embodiment of the present invention; and 

FIG. 13b is a side view of the prosthetic foot of FIG. 13a. 

5 

DETAILED DESCRIPTION 

Reference will now be made to the exemplary embodiments illustrated in the drawings, 
and specific language will be used herein to describe the same. It will nevertheless be 
understood that no limitation of the scope of the invention is thereby intended. Alterations and 
10 further modifications of the inventive features illustrated herein, and additional applications of 
the principles of the inventions as illustrated herein, which would occur to one skilled in the 
relevant art and having possession of this disclosure, are to be considered within the scope of the 
invention. 

As illustrated in FIGs. la and lb, a prosthetic foot or prosthetic foot device, indicated 
1 5 generally at 10, in accordance with the present invention is shown for use with an amputee. The 
prosthetic foot 10 can include a plurality of cantilever-springs that elastically deform under a 
load to store and release energy, and that are operatively inter-coupled to have a non-linear force 
versus deflection relationship, as shown in FIG. 1c, and to collectively store more energy 
together than alone, represented by the area under the curve in FIG. 1 c. As discussed in greater 
20 detail below, the prosthetic foot can include a cam operatively inter-coupling the cantilever- 
springs. 

One of the plurality of cantilever-springs can include an elongated continuous cantilever- 
spring 12 defining a unitary foot member. The cantilever-spring 12 or foot member includes an 
attachment section 14 that is couplable to a stump or socket (not shown) of an amputee. The 

25 stump of the amputee can be received in the socket, which can have a standard attachment for the 
prosthetic foot, as is known in the art. The cantilever- spring 12 or fpot member can extend from 
the attachment section 14 to a toe section 16 at a toe location 18 of a natural foot (not shown). In 
addition, the foot member can extend through an ankle section and an arch section. The foot 
member can form a substantial arc with a general c-shape. The cantilever-spring 12 can be 

30 elastically deformable under a load to store energy as the amputee steps onto the cantilever- 
spring, and to release energy as the amputee steps off of the cantilever-spring. As described in 
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greater detail below, the prosthetic foot can also include a cam 20 pivotally coupled to the 
cantilever-spring 12 at a pivot 22. 

Another of the plurality of cantilever-springs can include a resistance arm 24 with an 
attachment section couplable to the stump of the amputee and extendable to a displaceable 
5 section 26. The attachment section of the resistance arm 24 can be coupled at the attachment 
section of the cantilever-spring 12 or foot member. The displaceable section 26 can engage the 
cam 20, as discussed below. 

A lever arm 28 can be attached to the cantilever-spring 12 or foot member. The lever 
arm 28 can form a substantial arc with a general c-shape, similar to the foot member. The lever 

10 arm 28 can partially extend around the cantilever-spring 12 or foot member. A bottom portion or 
attachment section of the lever arm 28 can be attached to the cantilever-spring 12 or foot 
member, such as underneath the foot member at the arch section or near the toe section. In 
addition, the lever arm 28 can extend to an upper end or displaceable section that can engage the 
cam 20, as discussed below. Thus, the cam operatively inter-couples the cantilever-spring 12 

15 and the resistance arm 24 to elastically deform the resistance arm 24 along with the cantilever- 
spring 12 to collectively store more energy than the cantilever-spring alone. 

The prosthetic foot can be utilized by a variety of amputees having various stump 
configurations. The prosthetic foot can be attached to a stump or socket through a variety of 
manners known to those skilled in the art. One such exemplary attachment configuration is 

20 shown in FIG. lb, where an attachment member 30 is shown coupled to the attachment section 
14 of cantilever-spring 12, and to the attachment section of the resistance arm 24. An attachment 
device 3 1 can be used to inter-couple the attachment member 30 to the stump or socket (not 
shown) of the amputee. The attachment device 3 1 can be of a variety of configurations known to 
those in the art, including the inverted frusto-pyramidal shape shown in FIG. lb. As the user of 

25 the prosthetic "steps onto" the cantilever-spring, the spring is compressed and, in cooperation 
with the various cantilever-springs, cams and resistance arms (discussed in more detail herein), 
absorbs energy correlating to the user's weight disposed on the spring. As the user removes 
weight from the spring by "stepping off the prosthetic foot, the energy stored by the spring is 
released to aid in propelling the user forward. 

30 The present invention thus advantageously combines a cantilever-spring with various 

cams, lever arms and resistance arms to collectively store more energy than would be stored by 
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use of the cantilever-spring alone. As illustrated by example in FKj. lc, the force produced by a 
conventional spring is generally linear, as represented by line F = kd, "F" representing force, "k" 
representing a spring constant, and "d" representing the distance over which the spring is 
deflected. Thus, a conventional foot prosthetic utilizing a conventional spring has a substantially 
5 linear force versus deflection relationship, indicated by the dashed line. In contrast, the inter- 
coupled cantilever-springs of the present prosthetic foot in non-linear, indicated by the solid line 
32. The energy stored by the present prosthetic foot, shown by the shaded area under the curve, 
is greater than a conventional spring. In this manner the present invention provides increased 
force in propelling a user forward as the user steps off the prosthetic foot. 

10 As shown in greater detail in FIG. lb, the cam 20 can be carried by the cantilever-spring 

12 in a notch or aperture (the edges of which are shown by example, in hidden view at 34 in FIG. 
2b). The cam can be pivotally coupled within the cantilever-spring by pivot 22. The lever arm 
28 can engage the cam via a cable or chord 36, which can be a variety of chord or cable types 
known to those in the art, and can be formed of a variety of materials, including metals, 

15 polymers, natural fibers, etc. The resistance arm 24 can engage the cam 20 via a chord 38 
attached to displaceable section 26. Alternatively, a prosthetic foot 10b can have the cam 20 
disposed on a side of the cantilever-spring 12b, as shown in FIG. 2c. 

The cantilever-spring 12 and the lever arm 28 can be coupled by a connector 40 shown in 
FIG. lb. The connector 40 can include a wrap of resin impregnated fiber. In addition, the 

20 cantilever-spring 12 or foot member can be curvilinear and can extend continuously from the 
attachment section 14, through an ankle section 42 and an arch section 44, to the toe section 16. 
The plurality of cantilever springs, including the cantilever-spring 12 or foot member and the 
resilient arm 24, can be formed of a composite material, such as a resin impregnated fiber. The 
fiber can include a graphite fiber, and can be provided in a fiber mat. Similarly, the lever arm 

25 also can be formed of a composite material, and can also form a cantilever-spring. 

Referring to FIGs. 3a, 4a and 5a, the prosthetic foot 10 is shown schematically in varying 
degrees of deflection. The prosthetic foot is shown in FIG. 3a in one exemplary beginning 
position. As a user applies weight to the cantilever-spring 12 the cantilever-spring deflects 
inwardly, or the attachment section deflect downwardly. The lever arm 28 resists deflection, and 

30 pulls on the cam 20 via the cable 36. Thus, the cam 20 pivots about pivot 22 as the lever arm 28 
resists deflection and pulls on the cam. As the cam 20 pivots, the can pulls on the resistance arm 
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24 via the cable 38, causing the resistance arm to deflect generally towards the cantilever-spring 
12. This continued series of movement in response to deflection of cantilever-spring 12 is shown 
in incrementally greater degrees in FIGs. 3a, 4a and 5a. The movement of the cam 20 is shown 
in greater detail in FIGs. 3b, 4b and 5b, which correspond generally to FIGs. 3a, 4a and 5a, but 
5 are shown in a different (vertical) orientation for clarity. 

Referring to FIG. 2b, the lever arm 28 and the resistance arm 24 can initially engage the 
cam, via chords 36 and 38, at different distances from the pivot 22. The lever arm 28 can engage 
the cam 20 at a closer distance d2 to the pivot 22, and the resistance arm 24 can engage the cam 
at a further distance dl to the pivot. By engaging the lever arm and resistance arm at different 

10 distances from the pivot, the prosthetic foot can be configured to increase or decrease the initial 
force applied by the cam to the resistance arm in order to increase or decrease the energy stored 
•'by the respective arm. 

As shown in more detail in FIGs. 3b, 4b and 5b, the resistance arm 24 and the lever arm 
28 can engage the cam 20 at varying distances from the pivot 22 as the cam pivots, indicated by 

1 5 arrow 35. The lever arm 28 can engage the cam 20 at a distance varying from closer to further as 
the cam pivots. The resistance arm 24 can engage the cam 20 at a distance varying from further 
to closer as the cam pivots. This relationship can be appreciated in the views of FIGs. 3b 
through 5b, which illustrate progressive movement of the resistance arm and lever arm toward 
and away from the cantilever- spring, respectively, as the cantilever beam is subject to deflection 

20 (for ease of understanding, the cantilever-spring is shown in FIGs. 3b, 4b and 5b in a 

substantially vertical orientation, it being understood that the cantilever-spring will generally 
deflect in a downward orientation during use). Also, while not so limited, the lever arm and the 
resistance arm can be disposed on opposite sides of the cantilever-spring. 

As illustrated in FIG. 2a, the cam 20 includes a pair of lobes 20a and 20b disposed at 

25 different circumferential positions with respect to the pivot 22. In this manner, a differing degree 
of deflection of can be provided to each of the resistance arm 24 and the lever arm 28 (neither 
shown in FIG. 2a). In another aspect, the cam 20 can include a dual cam with a pair of lobes 20a 
and 20b disposed at different circumferential positions with respect to the pivot 22. In another 
aspect, the cam 20 can include a pair of cams 20a and 20b fixed to one another and pivotal 

30 together, the pair of cams being oriented at different orientations with respect to one another. 
The cam 20, or cams 20a and 20b, can have a pair of tracks 21a and 21b that can extend around 
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at least a portion of a perimeter of the one or more cams. The tracks can thus extend at different 
circumferential distances from the pivot 22. 

While some aspects of the invention include a cam with two lobes, or a pair of offset 
cams, it is to be understood that the present invention is not so limited. For example, as shown in 
5 FIGs. 6a through 6c, a prosthetic foot 10c can include a single cam 40 operatively inter-coupling 
the resistance arm 24b with the lever arm 28, and thus the cantilever-spring 12. In this aspect of 
the invention, the resistance arm and lever arm can be disposed on the same side of the 
cantilever-spring 12. Thus, as the cantilever-spring deflects in response to weight applied to the 
foot, the cam rotates about the pivot, indicated by arrow 41, causing the resistance arm to move 

10 toward the cantilever-spring as the lever arm moves away from the cantilever-spring. In this 
embodiment, a common chord or cable 37 can inter-couple the resistance arm and the lever arm. 

Referring to FIG. 7, another prosthetic foot 10b is shown that is similar in many respects 
to that described above. A cantilever-spring 12d can include an upper support section or 
attachment section 50 onto which the stump attachment member 30 can be disposed. The 

15 cantilever-spring can include an integral and continuous resistance section 52 which can engage 
the cam 20 via a chord 38. This embodiment is similar to the embodiments discussed above in 
that the displacement section 52 deflects toward the cantilever-spring 12d as the cantilever- 
spring deflects. Similarly, a lever arm 28d can engage the cam and can deflect away from the 
cantilever-spring as the cantilever-spring deflects. 

20 The cams, or the cams and the lever arms, described above are examples of a means for 

variably inter-coupling the cantilever-springs so that one of the cantilever-springs applies a 
varying resistance force to the foot member that varies as the foot member deflects. Other means 
can be used, examples of which are described below. 

Referring to FIGs. 8-12, various different prosthetic feet are illustrated that are similar in 

25 many respects to those described above. These prosthetic feet can employ many of the features 
and advantages of above described feet, including dual-lobed and/or tracked cams, curvilinear 
cantilever-springs, etc. Referring to FIG. 8, a prosthetic foot lOe includes a plurality of 
cantilever-springs 60 and 62, each having an attachment section 64 and 66, respectively, 
couplable to a stump or socket of an amputee (not shown). The cantilever-springs can each be 

30 capable of elastic deformation under a load to store and release energy. One of the cantilever- 
springs 62 can define a unitary foot member extending continuously from the attachment section 
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66 to a toe section 68 at a toe location 70 of a natural foot. Another of the cantilever-springs can 
define a resistance arm 60 with a deflection section 76. The prosthetic foot can include means 
for variably inter-coupling the cantilever-springs so that one of the cantilever-springs applies a 
varying resistance force to the foot member that varies as the foot member deflects. 
5 The means for variably inter-coupling the cantilever-springs can include a cam 72 

pivotally coupled to the deflection section 76 of the resistance arm 60. A lever arm 78 can be 
fixedly attached to the cam 72 and can engage the foot member 62. A chord or cable 80 can be 
coupled to the cam and can engage the foot member. As the foot member 60 deflects, it 
displaces the lever arm 78. As the lever arm displaces, it pivots the cam 72. As the cam 72 

10 pivots, it pulls the cable 80, and thus pulls the foot member and the resistance arm together. In 
this manner, the cantilever-springs 60 and 62 are inter-coupled. 

Referring to FIG. 9, another prosthetic foot lOf includes a mounting arm 90 with an 
attachment section 92 coupleable to the stump or socket of the amputee (not shown). A 
cantilever-spring can define a resistance arm 94 with a deflection section 96. The means for 

1 5 variably inter-coupling the cantilever-springs can include a cam 98 pivotally coupled to the 
mounting arm 90. A lever arm 100 can be fixedly attached to the cam 98 and can engage the 
foot member 62. A chord or cable 102 can be coupled to the cam 98 and can engage the 
resistance arm 94. As the foot member 62 deflects, it displaces the lever arm 100. As the lever 
arm 100 displaces, it pivots the cam 98. As the cam 98 pivots, it pulls the cable 102, and thus 

20 pulls the foot member 62 and the resistance arm 94 together. 

Referring to FIG. 10, another prosthetic foot lOg includes a cantilever-spring defining a 
resistance arm 80 with a deflection section 82. In this aspect, the means for variably inter- 
coupling the cantilever-springs can include a cam 84 pivotally coupled to the deflection section 
of the resistance arm. The cam 84 can have a lobe 86 which extends to directly engage the foot 

25 member 62. A lever arm 88 can be fixedly attached to the cam 84 and can engage the foot 
member. As the foot member 62 deflects, it displaces the lever arm 88. As the lever arm 88 
displaces, the cam 84 pivots. As the cam 84 pivots, it forces the foot member 62 and resistance 
arm 80 apart. 

Referring to FIG. 11, another prosthetic foot lOh includes a linkage. A cantilever-spring 
30 defines a resistance arm 1 10. The means for variably inter-coupling the cantilever-springs can 
include a linkage 112 coupled between the foot member 62 and the resistance arm 1 10. The 
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linkage can include a pair of links 1 14 and 1 16 coupled in series between the foot member 62 
and the resistance arm 1 10. The links 1 14 and 1 16 can have an extended length that is greater 
than a distance between the foot member 62 and the resistance arm 1 10 (that is, the links must be 
collapsed upon one another in order to fit between the foot member and resistance arm). An 
5 armature 1 18 can be coupled to the foot member 62 and can engage the linkage 112. As the foot 
member 62 deflects, it displaces the armature 118. As the armature 118 displaces, it extends the 
pair of links from a shorter length to a greater length. As the pair of links extend, they force the 
foot member and the resistance arm apart. 

Referring to FIG. 12, another prosthetic foot lOi includes a leaf spring. A cantilever- 

10 spring defines a resistance arm 120 with a deflection section 122 defining a gap 123 between the 
foot member 62 and the deflection section 122 of the resistance arm. The means for variably 
inter-coupling the cantilever-springs can include a leaf-spring 124 disposed in the gap 123 and 
engaging the foot member and the resistance arm. The leaf spring can be compressible and can 
have an extendable length during compression. As the foot member 62 deflects, it compresses 

15 the leaf-spring 124 in the gap 123. As the leaf-spring compresses, its deflects the resistance arm 
120, and its length extends to vary the force applied from the foot member to the resistance arm. 

As discussed above in connection with FIG. lc, the prosthetic foot is configured to store 
a greater amount of energy than generally storable with a linear spring. Thus, the means for 
variably inter-coupling the cantilever-springs can further include means for inter-coupling the 

20 cantilever-springs such that one of the cantilever-springs initially applies a greater force to the 
foot member. An example of such means includes the lever arm and the resistance arm initially 
coupled at different distances from the pivot. In another aspect of the invention, the means for 
variably inter-coupling the cantilever-springs further includes means for inter-coupling the 
cantilever-springs such that the cantilever-springs together have a non-linear force and deflection 

25 relationship. 

Referring to FIGs. 13a and 13b, another prosthetic foot lOj is shown that is similar in 
many respects to those described above. The prosthetic foot lOj can include a plurality of 
cantilever-springs, including an elongated continuous cantilever-spring 12j defining a unitary 
foot member. The cantilever-spring 12j or foot member includes an attachment section 14j that 
30 is couplable to a stump or socket (not shown) of an amputee. The cantilever-spring 12j or foot 
member can extend from the attachment section 14j to a toe section 16j at a toe location of a 
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natural foot. The foot member can form a substantial j-shape. As described above, a cam 20 can 
be pivotally coupled to the cantilever-spring 12j at a pivot. The prosthetic foot lOj can include a 
pair of cams disposed on opposite lateral sides of the cantilever-spring. 

Another of the plurality of cantilever-springs can form a resistance arm 24j with an 
5 attachment section couplable to the stump of the amputee and extendable to a displaceable 
section 26j. The resistance arm 24j can form an arc with a substantial u-shape. The 
displaceable section 26j can engage the cam 20, as discussed above via cable(s) 38. 

A lever arm 28j can be attached to the cantilever-spring 12j or foot member. In addition, 
the lever arm 28j can extend to an upper end or displaceable section that can engage the cam 20, 
10 as discussed above via cable(s) 36. Thus, the cam operatively inter-couples the cantilever-spring 
12j and the resistance arm 24j to elastically deform the resistance arm 24j along with the 
cantilever-spring 12j to collectively store more energy than the cantilever-spring alone. 

It is to be understood that the above-referenced arrangements are illustrative of the 
application for the principles of the present invention. It will be apparent to those of ordinary 
15 skill in the art that numerous modifications can be made without departing from the principles 
and concepts of the invention as set forth in the claims. 



